The development of CRISPR/Cas9-mediated base editors (BEs) provided a versatile tool for precise genome editing. The recently developed xCas9-derived base editors (xBEs) that recognize the NG PAM substantially expand the targeting scope in the genome, while their editing efficiency needs to be improved. Here, we described an improved version of xBEs by fusing the BPNLS and Gam to the N terminus of xBEs (BPNLS-Gam-xBE3 and BPNLS-xABE), and this version of base editor displayed higher targeting efficiency for the majority of detected sites. By using this improved version of xBEs, we successfully created and corrected pathogenic mutations at genomic sites with the NGN protospacer-adjacent motif in human cells. Lastly, we used BPNLS-Gam-xBE3 to model pathogenic mutations in discarded human tripronuclear (3PN) zygotes, and no obvious off-targets and indels were detected. Taken together, the data in our study offer an efficient tool for precise genome editing and, thus, an enriched base editing toolkit.
INTRODUCTION
Base editing is a recently developed approach that can efficiently introduce point mutations in a programmable way without inducing double-strand breaks (DSBs). Two classes of DNA base editor-cytosine base editor (CBE) and adenine base editor 1have been described. 2, 3 Both base editors were constructed by fusing a nucleotide deaminase to a catalytically impaired Cas9 nickase, and both possess the ability for single base substitutions. 2, 3 The CBE can convert a C,G base pair into a T,A base pair, and the adenine base editor (ABE) converts an A,T base pair into a G,C base pair. 4 DNA base editors have been widely used in plants, animals, and human embryos to mimic or correct pathogenic mutations. [5] [6] [7] One of the limitations for the base editors based on Streptococcus pyogenes Cas9 (spCas9, which recognizes the NGG protospacer-adjacent motif [PAM] ) is the lack of suitable PAM sequences for some cases. Therefore, several other base editors recognizing modified PAM were also developed. [8] [9] [10] These newly developed base editors have been applied for animal modeling and pathogenic mutation correction. 7, 11 Among these variants, xCas9-derived base editors (xBE3 and xABE) substantially broaden the targeting scope with their expanded NG PAM. 9 However, the editing efficiency of xBE3 and xABE is relatively low when compared with that of spCas9-derived base editors. 10 Previous studies have demonstrated that biparticle nucleus localization signal (BPNLS) efficiently localizes fusion elements to nuclear and, thus, enhances gene editing. 1, 12, 13 The Gam protein of bacteriophage Mu binds DSBs to protect them from degradation, thus decreasing the formation of insertions or deletions (indels). 14 Recently published studies have also demonstrated that the addition of BPNLS and Gam to the N terminus of base editors can improve editing efficiency and product purity, respectively. 15, 16 Therefore, we attempted to optimize xBE3 with the fusion of BPNLS and Gam to the N terminus of xBE3 (BPNLS-Gam-xBE3). Similarly, BPNLS was also fused to the N terminus of xABE (BPNLS-xABE) for further improvement. Our results demonstrated that the editing efficiency of the optimized version of xBE3 and xABE was significantly increased. Furthermore, we applied BPNLS-Gam-xBE3 and BPNLS-xABE for pathogenic mutation creation and correction in human cells and discarded human tripronuclear zygotes. Taken together, the data in our study provide a new tool for precise genome editing and, thus, an enriched base editing toolkit.
RESULTS

BPNLS and Gam Improve the Editing Efficiency and Purity in Human Cells
First, we fused Gam and BPNLS to the N terminus of xBE3 individually or simultaneously to generate Gam-xBE3, BPNLS-xBE3, and BPNLS-Gam-xBE3, respectively ( Figure 1A ; Figure S1A ). Then the editing efficiency was compared between xBE3, BPNLS-xBE3, Gam-xBE3, and BPNLS-Gam-xBE3; the results showed that the fusion of BPNLS or Gam increased editing efficiency modestly, while the fusion of BPNLS and Gam simultaneously rendered a large increase in editing efficiency, which suggests that BPNLS and Gam may act synergistically ( Figure S1B ). Subsequently, the editing The editing efficiency was indicated as percentage of total sequencing reads with targeted C-to-T conversion at indicated sites. Data from three independent experiments are indicated as means ± SEM. Asterisks indicate statictical significance. *p < 0.05; **p < 0.01. (C) Normalized editing frequency of xBE3 and BPNLS-Gam-xBE3. Set the editing frequency of xBE3 as 100 percent. (D) Bar graph of editing purity of xBE3 and BPNLS-Gam-xBE3. The editing purity is determined by non-C-to-T base substitution at indicated sites. C-to-A, C-to-G, and C-to-T conversions are indicated as bars in red, blue, and green, respectively. Data from three independent experiments are indicated as means ± SEM. (E) The editing purity between xBE3 and BPNLS-Gam-xBE3 was indicated as the ratio of wanted editing (C-to-T) to unwanted editing (non-C-to-T) at indicated sites. Data from three independent experiments are indicated as means ± SEM. Asterisks indicate statistical significance. *p < 0.05; **p < 0.01. (F) The indel frequencies were determined at indicated loci in cells treated with xBE3 or BPNLS-Gam-xBE3. efficiency and product purity of xBE3 and BPNLS-Gam-xBE3 were further investigated. HEK293T cells were transfected with plasmids expressing xBE3 or BPNLS-Gam-xBE3 and single guided RNAs (sgRNAs) used in the previous study. 9 Editing frequency was estimated using Sanger sequencing and calculated by using the online software EditR (https://moriaritylab.shinyapps.io/editr_v10/). 17 The sequence chromatogram showed that, at sites with NG PAM (Figure S1C, xsite4, xsite6, and xsite12 for NGG, NGT, and NGC, respectively, and xsite15 and xsite16 for NGA) and GAT PAM ( Figure S1C , xsite19), both xBE3 and BPNLS-Gam-xBE3 induced C-to-T base conversions. This is consistent with the previous study that xCas9 recognizes a broad range of PAM sequences. 9 The quantification and normalization of editing efficiency demonstrated that BPNLS-Gam-xBE3 can mediate C-to-T conversion more efficiently than xBE3 at the indicated loci (Figures S1D and S1E). Subsequently, we applied deep sequencing to determine the base substitution frequencies and product purity for several sgRNAs. As confirmed by deep sequencing, BPNLS-Gam-xBE3 mediated higher C-to-T conversion frequencies at the indicated sites ( Figures 1B and 1C ). In terms of product purity, fewer non-C-to-T substitutions and higher C-to-T editing ratios were induced by BPNLS-Gam-xBE3 when compared to xBE3 ( Figures 1D  and 1E ). The indels were also analyzed by deep sequencing, and the results showed that no significant difference was detected between the two systems ( Figure 1F ). Taken together, BPNLS-Gam-xBE3 exhibited a higher C-to-T conversion frequency and increased product purity at the indicated loci.
Similarly, we also generated BPNLS-xABE by fusing BPNLS to the N terminus of xABE ( Figure S2A ). As expected, both xABE and BPNLS-xABE induced A-to-G base substitutions at the indicated loci (Figure S2B) . The quantification and normalization results illustrated that the editing efficiency of BPNLS-xABE is significantly increased when compared to xABE and that the editing frequency of BPNLS-xABE could achieve more than 60% ( Figures S2C and S2D ).
Modeling Pathogenic Mutations Using the Improved Base Editors in Human Cells
More than half of human genetic diseases are caused by point mutations, and base editors provide useful tools to mimic or correct most of these point mutations. 4 Therefore, we chose 14 sgRNAs owing to the NGH PAM based on the UniProt human diseases database (https://www.uniprot.org/docs/humsavar). (The 14 pathogenic sites used here are listed in Table S2 , and the pathogenic bases are highlighted in red.) Then, we attempted to mimic the pathogenic mutations using BPNLS-Gam-xBE3 in human cells. As expected, BPNLS-Gam-xBE3 generated the pathogenic mutations at all 14 pathogenic sites in HEK293T cells (Figure 2A ; Figure S3C ). Quantification of the editing efficiency for each target site showed that all these target sites with NGH PAM could be successfully edited with high targeting efficiencies ( Figure 2B ). It is noticeable that, at some target sites, BPNLS-Gam-xBE3 induces not only desired base substitutions but also undesired by-stand base editing (e.g., Atp7b-16 and 383 sites), and this was also observed in cells transfected with xBE3 and corresponding sgRNAs ( Figures S3A and S3B ). We also generated pathogenic mutations using BPNLS-xABE for other 14 target sites owing to the NGH PAM in HEK293T cells ( Figures S4 and S5 ). (The pathogenic sites used here are listed in Table S2 , and the target bases are highlighted in red.) The editing frequency demonstrated that BPNLS-xABE could efficiently induce A-to-G conversion at the pathogenic sites with NGH PAM in human cells (Figures S4A, S4B, and S5).
In some cases, it is necessary to model multiple pathogenic mutations simultaneously. Thus, we evaluated whether BPNLS-Gam-xBE3 and BPNLS-xABE could edit multiple sites simultaneously. We tested two sites simultaneously for three different combinations. As shown in Fig 
Modeling and Correcting the Pathogenic Mutations in Human Cells
Then we attempted to create the pathogenic mutations of the human Atp7b gene and then correct them using BPNLS-Gam-xBE3 and BPNLS-xABE in human cells. Impaired function of the human copper transport protein Atp7b is associated with Wilson disease, 18, 19 and point mutation in the Atp7b gene is the most common manner for pathogenic variants. 20 In Wilson disease (WD) patients, copper accumulated in tissues, including liver, brain, muscle, and so on, resulting in neuropsychiatric, hepatic, and systemic disabilities. 21 First, we constructed two sgRNAs targeting pathogenic mutations T1033A and T1220M, respectively (hereinafter, Atp7b-27 and Atp7b-16). T1033A is caused by A-to-G substitution and can be modeled by BPNLS-xABE, while T1220M is caused by C-to-T substitution and can be modeled by BPNLS-Gam-xBE3 ( Figures 3A and 3B ). Then, we transfected BPNLS-Gam-xBE3 or BPNLS-xABE with correspond-ing sgRNAs into HEK293T cells to generate Atp7b mutant cell lines. A single cell was sorted and plated into 96-well plates using fluorescence-activated cell sorting (FACS), and a monoclone was picked and verified by Sanger sequencing. We chose cell clones with target base conversion for subsequent experiments. The sequence chromatogram demonstrated that the pathogenic mutations were successfully created by using BPNLS-Gam-xBE3 or BPNLS-xABE in human cells ( Figures 3C and 3D) .
With this success, we constructed sgRNAs for correcting the generated mutation sites in the mutant cells. The results showed that both mutations in Atp7b can be successfully corrected with high efficiencies (20% for Atp7b-27 and 40% for Atp7b-16) ( Figures 3C  and 3D ). Taken together, BPNLS-Gam-xBE3 and BPNLS-xABE can efficiently create and correct pathogenic mutations in human cells. The sequence before editing is indicated as Atp7b-27, and the sequence after editing is indicated as Atp7b-27-mut. In the Atp7b-27 sequence, the sgRNA sequence for modeling Atp7b-27 pathogenic mutation is highlighted in red, and the PAM sequence is shown in light gray. In the Atp7b-27-mut sequence, the sgRNA sequence for correcting Atp7b-27 pathogenic mutation is highlighted in blue, and the PAM sequence is indicated in orange. Mutated amino acid codon is underlined and indicated in red in the Atp7b-27-mut sequence. (B) Schematic diagram illustrating the position and sequence of pathogenic site Atp7b-16. The wild-type sequence is shown as Atp7b-16, and the edited sequence is shown as Atp7b-16-mut. In the Atp7b-16 sequence, the sgRNA sequence for modeling Atp7b-16 mutation is highlighted in red, and the PAM sequence is indicated in light gray. In the Atp7b-16-mut sequence, the sgRNA sequence for correcting Atp7b-16 mutation is highlighted in blue, and the PAM sequence is indicated in orange. The mutated amino acid codon is underlined and indicated in red in the Atp7b-16-mut sequence. (C) Modeling and correcting of pathogenic site Atp7b-27. Left: sequence chromatogram of Atp7b-27 in wild-type (WT), mutation, and correction cells. Right: the percentage of target base in wild-type, mutation, and correction cells. Red stars indicate the desired editing. The percentage of each base was calculated using EditR. Data from three independent experiments are indicated as means ± SEM. (D) Modeling and correcting of pathogenic site Atp7b-16. Left: sequence chromatogram of Atp7b-16 in wild-type, mutation, and correction cells. Right: the percentage of target base in wild-type, mutation, and correction cells. Red stars indicate the desired editing. The percentage of each base was calculated using EditR. Data from three independent experiments are indicated as means ± SEM.
Pathogenic Modeling in Human Tripronuclear Zygotes Using BPNLS-Gam-XBE3
We then attempted to mimic the pathogenic mutations in vivo using discarded human tripronuclear (3PN) zygotes. We carried out base editing in discarded human 3PN zygotes by microinjection of BPNLS-Gam-xBE3 and sgRNAs. The injected 3PN zygotes were cultured for 2 days and then collected for targeted analysis. A sequence chromatogram indicated that targeted base substitutions were successfully achieved in both targeting sites ( Figure 4A ). Then, targeted deep sequencing was performed to determine the editing frequencies and product purity. The results illustrated that BPNLS-Gam-xBE3 can mediate C-to-T conversion at site 387 at a mean efficiency of about 60% ( Figure 4B ). For site 383, except for the desired base C 4 , base substitutions were also observed at undesired bases C 2 , C 3 , C 8 , and C 10 in a varied frequency ( Figure 4B) . Additionally, the product purity and the indels in human 3PN zygotes were also analyzed. The results demonstrated that the product purity of BPNLS-Gam-xBE3 at site 387 was desirable. For site 383, non-C-to-T substitutions were noticeable at C 8 and C 10 sites ( Figure 4C ). This editing mode was also observed in human cells at the same site and seems to be site specific ( Figure S3 ). Notably, no obvious indels were detected for the two targeted sites ( Figure 4D ).
Off-Target Effect Was Analyzed in 3PN Zygotes
The off-target mutagenesis is a major concern for all genome editing approaches, including the CRISPR/Cas system. 22 To assess the off- target effects of BPNLS-Gam-xBE3 in vivo, we performed deep sequencing for the potential offtarget sites of 387 and 383, respectively. The potential off-target sites were predicted by an online tool Cas-OFFinder; 23 14 and 15 potential offtarget sites in the genome with up to 3-nt mismatches for 387 and 383 sites, respectively, were chosen in this study. The PCR products using the genomic DNA of each sample were mixed with an equal amount and subjected to deep sequencing. No obvious base substitution was detected at these potential off-target sites in both the BPNLS-Gam-xBE3 and wild-type (WT) groups (Figures 5A and 5B) . To better characterize the off-target effect of BPNLS-Gam-xBE3, wholegenome sequencing was performed at mean depths of 27Â and 30Â for the BPNLS-Gam-xBE3 and wild-type groups, respectively ( Figure 6D ). After filtering out human database of SNPs (dbSNPs), a total of 784,229 and 810,528 SNPs were identified over the genome of human 3PN zygotes with the 387 site edited and the control, respectively ( Figure 6A ). The on-target editing was also confirmed by whole-genome sequencing (WGS) ( Figure 6B ). The potential off-target sites were explored using the criteria that up to 2-bp mismatch in the seed region and 4-bp mismatch in the non-seed region with NG PAM (Figure 6C ). Among 4,234 potential off-target sites, none was detected in the human 3PN zygotes edited by BPNLS-Gam-xBE3 ( Figure 6E ). Taken together, these results demonstrated that BPNLS-Gam-xBE3 can generate precise C-to-T base conversion for target sites with NG PAM in human 3PN zygotes. These data indicate that our improved xBEs are reliable tools for pathogenic modeling in an ex vivo model.
DISCUSSION
The CRISPR/Cas9 genome editing technology is driving a revolution in biotechnology and biomedicine research. 24 The low efficiency of homologous recombination induced by Cas9 nuclease has been a major obstacle for precise editing. Base editors are developed by the fusion of deaminase to catalytically impaired Cas9 nickase and can mediate precise base substitutions, which enable a wide variety of research and medical applications. The targeting scope of base editors are largely expanded by recently developed xBE3 and xABE, which could target the sequences with NG, GAA, or GAT PAM, while the editing efficiency is a limitation for these two base editors. 9 In this study, we performed fusion of BPNLS and Gam to the N terminus of xBE3 as well as fusion of BPNLS to xABE to generate BPNLS-gam-xBE3 and BPNLS-xABE, respectively. By assessing the editing efficiency and product purity, we illustrated that BPNLS-Gam-xBE3 could mediate C-to-T base conversion at a higher efficiency and that it induces fewer unwanted base substitutions (Figure 1; Figure S1 ). Meanwhile, BPNLS-xABE also achieved an editing frequency as high as 3-fold that mediated by xABE ( Figure S2 ). Thus, we succeeded in the optimization of xCas9-derived base editors to improve their editing ability, though the editing efficiency varies.
Subsequently, we evaluated the ability of BPNLS-Gam-xBE3 and BPNLS-xABE to model the pathogenic mutations in human cells and demonstrated that both of them can model pathogenic mutations efficiently in human cells (Figure 2; Figures S3, S4, and S5) . It is noticeable that the overall editing frequency of BPNLS-xABE is lower than that of BPNLS-Gam-xBE3, and this may be due to the lack of DNA binding ability of TadA. 25 Modification of nucleotide deaminase may improve this phenomenon in the future. Furthermore, we attempted to create and correct two pathogenic mutations for human Atp7b gene, which is associated with Wilson disease. 18 By transfecting BPNLS-Gam-xBE3 and BPNLS-xABE with corresponding sgRNAs (including mutation modeling sgRNAs and correction sgRNAs), we possessed two cell lines containing A-to-G and C-to-T base substitutions at Atp7b-27 and Atp7b-16, respectively, and achieved correction of the mutant bases (Figure 3) . These results suggest that BPNLS-Gam-xBE3 and BPNLS-xABE have the potential for modeling and correcting human pathogenic point mutations in a broad range of genomes. In addition, we performed pathogenic mutation modeling using BPNLS-Gam-xBE3 in discarded human 3PN zygotes; the results illustrated that BPNLS-Gam-xBE3 had the ability to model pathogenic mutation in human 3PN zygotes with no obvious detectable off-target. Another SpCas9 variant SpCas9-NG, which also recognizes NG PAM, was recently reported to potentially have higher editing efficiency than xCas9. 10 Since xCas9 has been suggested to possess higher fidelity and also recognize sequences with GAT and GAA PAM, 9 these two variants together have thus broadened the genome editing toolkit and could work synergistically. Two most recently published studies described that, in both plant and animal, spCas9-derived BE3 can mediate genome-wide off-target single-nucleotide variants (SNVs) in vivo while the adenine base editor performs in a better way, 26, 27 and this seems mainly due to the high DNA binding affinity of Apobec1. In this study, we performed in vitro off-target detection at predicted sites, and no obvious offtarget was detected; this is consistent with the two studies that found that the sgRNA-dependent off-target is very limited. 26, 27 In addition, whole-genome sequencing was performed in this study to further analyze the potential off-target effect of BPNLS-Gam-xBE3, and the results indicated that, among 4,234 potential off-target sites, no obvious editing was detected in this study. For BE3-induced off-target SNVs, the use of functional optimized cytidine deaminase may help to reduce off-target mutations; thus, future work in the modification of cytidine deaminases to decrease its DNA binding ability while maintaining cytidine deaminase activity is necessary.
To summarize, we generated BPNLS-Gam-xBE3 and BPNLS-xABE to optimize xCas9-derived base editors as more efficient base editing tools. Indeed, BPNLS-Gam-xBE3 and BPNLS-xABE possess higher editing efficiency and product purity for sequences with NG PAM. These two base editors have the capability to mediate base substitution in a precise manner and can be used for modeling and correcting genetic defects in the future.
MATERIALS AND METHODS
Discarded Human 3PN Zygotes
All of the human 3PN zygotes used in this study were collected from the Center for Reproductive Medicine of the Third Affiliated Hospital of Guangzhou Medical University, and the study was approved by the Ethics Committee of the hospital. All of the patients have signed the informed consent form before the sample collection. All of the operations on the embryos were conducted at the Center for Reproductive Medicine.
Plasmid Construction
For construction of the pCMV-BPNLS-Gam-xBE3 plasmid, BPNLS and Gam sequence were amplified, verified, and then cloned into the N terminus of the pCMV-xBE3 expression vector. For the pCMV-BPNLS-xABE plasmid, the same strategy was used as that in construction of the pCMV-BPNLS-Gam-xBE3 plasmid. The pGL3-U6-sgRNA-PGK-GFP plasmid was generated from pGL3-U6-sgRNA-PGK-puromycin (Addgene, 51133) by replacing the puromycin element with GFP sequence and was used as the sgRNA mammalian cell expression vector. The pUC57-sgRNA expression vector (Addgene, 51132) was used to generate the template for in vitro transcription. The sgRNA oligos were synthesized, annealed, and cloned into the pGL3-U6-sgRNA-PGK-GFP and pUC57-sgRNA vectors.
Cell Culture and Transfection
HEK293T cells were cultured in DMEM (GIBCO), supplemented with 10% fetal bovine serum (FBS; v/v) (Gemini, 900-108), and incubated at 37 C with 5% CO 2 under humid conditions. For plasmid transfection, cells were seeded on poly-D-lysine-coated 12-well plates (JET BIOFIL) the day before and transfected at approximately 70% confluence using Lipofectamine 2000 reagent (Life Technologies) according to the manufacturer's protocols. 1,000 ng base editor (including BPNLS-Gam-xBE3, xBE3, BPNLS-xABE, and xABE) and 600 ng corresponding sgRNAs were transfected into cells per well. All sgRNAs used in this study are listed in Tables S1 and S2. Three days after transfection, GFP-positive cells were collected from FACS.
Genomic DNA Extraction and Amplification
The genomic DNA of cells harvested from FACS was extracted using QuickExtract DNA Extraction Solution (Lucigen) according to the manufacturer's protocols. The genomic DNA of zygotes was amplified using the Discover-sc Single Cell Kit (Vazyme, N601-01) according to the manufacturer's protocols. The target sequences were amplified and sequenced using the primers listed in Table S3 .
In Vitro Transcription
In vitro transcription was performed according to the protocols reported previously. 28 In brief, the pCMV-BPNLS-Gam-xBE3 vector was linearized by BbsI enzyme (New England Biolabs) and performed to in vitro transcription using the T7 Ultra Kit (Ambion) according to the manufacturer's protocols. All the sgRNAs used for in vitro transcription were cloned into a pUC57-sgRNA expression vector with T7 promoter. Then, the sgRNAs were amplified and transcribed in vitro using the MEGAshortscript Kit (Ambion) and purified using the MEGAclear Kit (Ambion) according to the manufacturer's protocols.
Targeted Deep Sequencing
The potential off-target sites of B-383 and B-387 were predicted by Cas-OFFinder (http://www.rgenome.net/cas-offinder). The on-target and off-target sites were amplified from human genomic DNA using Phanta Max Super-Fidelity DNA Polymerase (Vazyme, P505). The paired-end sequencing of purified PCR products was performed using the HiSeq X-10 (2 Â 150 bp) platform at the CAS-MPG Partner Institute for Computational Biology Omics Core, Shanghai, China. The BWA-MEM algorithm was used for processing the deepsequencing data. Primers used for on-target and off-target sequencing are listed in Table S4 and Table S5 , respectively.
Whole-Genome Sequencing for the Off-Target Detection
Whole-genome sequencing was performed to analyze the off-target effect induced by BPNLS-Gam-xBE3 in human 3PN zygotes. Genomic DNA of human 3PN zygotes was sequenced using an Illumina HiSeq X Ten system (2 Â 150 pair-end [PE]) at the Novogene Bioinformatics Institute, Beijing, China. To map the sequencing data with a human reference genome (GRCh38/hg38), BWA v0.7.16 was used. Sequencing reads were marked for duplicates using Sambamba v0.6.7 and realigned using the Genome Analysis Toolkit (GATK v3.7) IndelRealigner. Variants and the quality were identified and evaluated using GATK HaplotypeCaller and GATK VariantFiltration, respectively. The common SNPs between the edited and control embryos were removed.
Statistical Analysis
Statistical analysis was performed by two-tailed Student's t test. Data are shown as mean ± SEM, unless stated otherwise. Quantification of editing efficiency with Sanger sequencing data was performed with online software EditR. Statistical analysis was performed using Graph Pad PRISM 7.
